In a screening for activin-responsive genes, we isolated a Xenopus lefty/antivin-related gene, called Xantivin (Xatv). In the animal cap assay, the expression of Xatv was induced by activin signaling, and in the embryo, by nodal-related genes. Overexpression of Xatv in the marginal zone caused suppression of mesoderm formation and gastrulation defects, and inhibited the secondary axis formation induced by Xnr1 and Xactivin, suggesting that Xatv acted as a feedback inhibitor of activin signaling. However, in the animal cap, Xatv failed to antagonize Xnr1 and Xactivin. This result suggested that Xatv has different responses in the marginal zone and in the animal region, and antagonizes to a higher degree activin signaling in the marginal zone. q
Introduction
Mesoderm induction is the ®rst inductive event in vertebrate embryogenesis and has a marked in¯uence on the body plan. It is well-known that activin signaling plays a fundamental role in mesoderm induction. In Xenopus, many members of the TGF-b superfamily which can activate activin signaling have been identi®ed as mesoderm-inducing factors, including nodal-related genes (Jones et al., 1995; Joseph and Melton, 1997) , Vg1 (Weeks and Melton, 1987; Thomsen and Melton, 1993) , derrie Áre and activin (Asashima et al., 1990) . In particular, activin has been shown to have strong mesoderm-inducing activity and it can also induce mesodermal tissue in the presumptive ectoderm (`animal cap') (Asashima et al. 1990) , which is thought to mimic mesoderm induction in vitro. Molecular analyses have shown that activin also induces many genes in the animal cap, such as goosecoid (Cho et al., 1991) and Mix1 (Rosa, 1989) , which are concerned with axial formation, and mesoderm and endoderm formation , respectively, and are also expressed during mesoderm induction in the embryo.
Recently, a novel subfamily of TGF-b molecules has been identi®ed by the cloning of antivin (Thisse and Thisse 1999) and leftys in zebra®sh (Bisgrove et al., 1999) , chick (Rodriguez Esteban et al., 1999; Ishimaru et al., 2000) , mouse (Meno et al., 1996 (Meno et al., , 1997 and human (Kosaki et al., 1999) . Mouse lefty-1 regulates left-right axis formation (Meno et al., 1998) , and this subfamily may also in¯uence mesoderm induction. In zebra®sh embryos, antivin, lefty-1 and lefty-2 have been shown to inhibit mesoderm induction. Furthermore, they antagonize the activity of activin and nodal-related genes: cyclops (Rebagliati et al., 1998; Sampath et al., 1998) , squint (Feldman et al., 1998; Thisse and Thisse 1999; Bisgrove et al., 1999) . In the mouse, lefty-2-knockout mice exhibit excessive mesoderm formation and an expanded primitive steak, a phenotype opposite to that of nodal-knockout mice (Meno et al., 1999; Zhou et al., 1993) . These results suggest that the members of lefty family have an inhibitory role in mesoderm induction. However, their spatial and temporal expression patterns coincide with those of nodal-related TGF-b molecules, which can activate activin signaling and induce mesoderm formation (Schier and Shen, 2000) . In this study, we aimed to isolate novel genes that are directly induced by activin and that may therefore play an important role in mesoderm induction. For this purpose, we constructed a cDNA library from animal caps treated with activin and cycloheximide (CHX). Treatment with activin induces the expression of various genes in animal caps both directly or indirectly through a cascade, but combined treatment with activin and the protein synthesis inhibitor, CHX, only induces immediate-early response genes, some of which show strong superinduction (Tadano et al., 1993) .
Consequently, we isolated a gene belonging to the lefty/ antivin subfamily from this library as an early response gene to activin. While this work was still underway, Cheng et al. (2000) reported the homology-based cloning of the lefty/ antivin-related gene, Xantivin (Xatv), in Xenopus, which is identical to the gene cloned by us, except for one amino acid substitution. In their report, Xatv was analyzed mainly for its in¯uence on left-right axis formation. In our study, we focused on the Xatv effect on mesoderm induction. Xatv inhibits mesoderm induction probably by blocking activin signaling in the marginal zone of the Xenopus embryo. However, in animal caps, mesoderm and dorsal marker induction was not suppressed by Xatv. These results suggested that lefty/antivin might need an additional factor to function in mesoderm induction.
Results

Screening for an early response gene to activin
To identify new genes that are induced directly by activin signaling, we prepared a cDNA library from animal caps treated with activin and cycloheximide (CHX), which express only immediate-early response genes to activin, in which the maternal genes were depleted by subtractive hybridization. A total of 7500 clones were obtained and were divided into pools and further screened by expression cloning (see Section 4.5). Before the pools were injected into the embryo, they were tested for the presence of any previously characterized genes by PCR analysis. Of the 52 pools tested, 21 contained Xnot (von Dassow et al., 1993) , two contained Milk (Ecochard et al., 1998) or Xnr1 (Jones et al., 1995) and one each contained Xwnt8 , Mix1 (Rosa, 1989) , noggin (Smith and Harland, 1992) or Sox17a (Hudson et al., 1997) . mRNAs were synthesized from each pool that contained none of these known genes and injected into embryos, which were then tested for presence of developmental abnormalities. The embryos injected with mRNA from one pool had dark pigmentation on the ventral surface. The single clone that caused this phenotype was isolated by a process of sibselection (see Section 4.5).
Sequence analysis revealed that this clone was a 1.8-kb long with an open reading frame (ORF) of 367 amino acids (DDBJ/EMBL/GenBank accession number AB038010). Sequence comparisons indicated that it was most closely related to zebra®sh antivin, which belongs to the lefty/antivin subfamily of TGF-b molecules. While this work was still underway, a report on Xenopus antivin (Xatv) was published (Cheng et al., 2000) . The lefty/antivin-related gene cloned by us was identical to the Xatv gene, except for one amino acid substitution (Fig. 1) . It had six cysteine residues that are conserved in members of the TGF-b superfamily, two putative`RXXR' cleavage site sequences characteristic of the lefty/antivin subfamily (Meno et al., 1996) , and exhibited sequence homology to the lefty/antivin in zebra®sh, chick, mouse and human (Fig. 1) . Fig. 1 . Amino acid sequence alignment of lefty and antivin in Xenopus, zebra®sh, chick, mouse, and human. Regions of amino acid identity are shaded in midgray, and those of conserved amino acid substitutions are shaded in light gray. Cheng et al. (2000) described the homology-based cloning of the Xenopus lefty/ antivin-related gene, Xantivin (Xatv), which is identical to the gene cloned by us, except for one amino acid substitution, which is boxed and indicated by the arrowhead. The putative cleavage site`RXXR' is boxed and the six cysteine residues conserved among members of lefty/antivin subfamily are boxed and marked with asterisks.
Temporal and spatial expression of Xatv
We examined the distribution of the Xatv transcripts. RT-PCR analysis indicated no maternal transcripts were present, and that Xatv ®rst appeared at the late blastula stage (stage 9), peaked during the gastrula stage (stages 10±12) and could be detected through the neurula to the tadpole stages (stages 13±35) (Fig. 2a) .
Next, we examined the spatial expression patterns by whole-mount in situ hybridization (WISH). At the late blastula stage, transcripts were expressed in the dorsal marginal zone (Fig. 2b) ; by the early gastrula stage, they were seen around the marginal zone (Fig. 2c) , and during gastrulation, they gradually became restricted to the dorsal midline (Fig.  2d,e) . At the late gastrula stage, the expression of Xatv was detected only in the dorsal midline (Fig. 2f) , and during the neurula stage, it shifted posteriorly (Fig. 2g) . In the tailbud stage, Xatv expression showed left-right asymmetry (stages 24±28) (Fig. 2h,i) . It was seen in the left lateral plate mesoderm (LPM) (Fig. 2h ) and shifted ventrally (Fig. 2i) . Nieuwkoop and Faber (1956) . The Xatv transcripts ®rst appeared at the late blastula stage (stage 9), peaked during the gastrula stage (stage 10,11,12) and were detected through the neurula to the tadpole stage (stage 13±35). (b±i) Whole-mount in situ hybridization revealed the spatial expression patterns of Xatv. 
Xatv is induced by activin and nodal-related genes
Xatv was isolated from animal caps treated with activin/ CHX. Therefore, we expected that its expression would be induced by activin signaling. Animal cap assay showed that Xatv was induced by activin, Xnr1 and VegT, which can activate transcription of nodal-related genes and derrie Áre (Clements et al., 1999; Sun et al., 1999) (Fig. 3a,b) . Furthermore, while CHX treatment alone induced slight Xatv expression (Fig. 3a, lane 2) , activin treatment with CHX induced strongly Xatv expression (Fig. 3a, lane 4) . In contrast, Xbra , bFGF (Kimelman and Kirschner, 1987) , Xwnt8 (Sokol et al., 1991; Smith and Harland, 1991) and Siamois (Lemaire et al., 1995) did not induce Xatv expression (Fig 3a,b) .
To examine what molecules induce Xatv expression in the embryo, we injected mRNA encoding the inhibitors of various signaling molecules into the vegetal pole of the embryos, which were then analyzed for Xatv expression at st. 9.5 (Fig. 3c ). Xatv expression was downregulated by the dominant-negative forms of the activin receptors, tXAR1 (Hemmati-Brivanlou and Melton, 1992) and tALk4 (Chang et al., 1997) , suggesting that activin signaling was also needed for the induction of Xatv in the embryo (Fig. 3c) . Furthermore, while the injection of cerberus (Bouwmeester et al., 1996) inhibited Xatv expression, injection of the activin antagonist Xfollstatin (XFS) did not (Tashiro et al., 1991) (Fig. 3c) . Although cerberus is an antagonist of the nodal-related genes, BMP and Wnt (Piccolo et al., 1999) , truncated BMP receptor (tBMPR) (Suzuki et al., 1994) or dickkopf (Glinka et al., 1998) , which are BMP or Wnt inhibitors, respectively, did not affect Xatv expression (Fig. 3c) . Therefore, inhibition of Xatv expression by cerberus indicates that the Xatv induction is controlled by nodal-related genes in the embryo. In addition, Xatv expression was not affected by injection of the dominant-negative form of the FGF receptor, XFD (Amaya et al., 1991) (Fig. 3c ), suggesting that FGF signaling has no effect on Xatv expression in the embryo.
Xatv-injected embryos show gastrulation defects and suppression of mesoderm formation
During the process of expression cloning, we observed that Xatv-injected embryos exhibited a darkly pigmented ventral surface. To examine this phenotype further, Xatv mRNA was injected ventrally or dorsally into the embryos, which were then visually and histologically scored at a later stage of development. At the mid gastrula stage (Fig. 4a±c) , control embryos showed the formation of a circular blastopore ( Fig. 4c) , whereas the injected embryos showed inhibition of blastopore lip formation in the injected blastomeres ( Fig. 4a,b) . At the tailbud stage ( Fig. 4d±f) , the Xatvinjected embryos exhibited a darkly pigmented ventral surface ( Fig. 4d ,e) and the length of the embryonic axis was shorter than that in the controls (Fig. 4d±f) .
Histological analysis showed the formation of an atypical epidermis-like structure on the ventral surface of the Xatvinjected embryos (Fig. 4g,h ), which was thought to be derived from the cells of the animal pole that could not spread over the embryos. Although notochord, neural tissue and endodermal cells were found in these embryos, there was little evidence of muscle differentiation (Fig. 4g ). The suppression of muscle differentiation was also con®rmed by RT-PCR analysis. Xatv blocked muscle-speci®c actin (msactin) (Stutz and Spohr 1986) expression completely, but Fig. 3 . Xatv was induced by activin and nodal-related gene. (a) For the protein and drug treatments, the animal caps dissected at stage 9 were treated with BSA, CHX, activin, activin/CHX and bFGF for 3 h and then harvested. BSA-treated samples served as a negative control. (b) For RNA injection, Xglobin (Xglb), Xwnt8, Siamois, Xnr1, VegT and Xbra were injected at the two-cell stage into the animal pole. The animal caps were then dissected at stage 9 and harvested 3 h later with whole embryo (WE) serving as the positive control. Xglb-injected and uninjected (uninj) samples served as the negative controls. The animal caps and whole embryos were used for RT-PCR analysis. Activin, CHX, Act/CHX, Xnr1, and VegT, but not bFGF, Xwnt8, Siamois or Xbra, induced Xatv expression. (c) RT-PCR analysis performed on embryos injected with inhibitors of signaling molecules. We injected mRNAs encoding 2 ng of inhibitors of the signaling molecules tXAR1, tAlk4, cerberus (cer), Xfolistatin (XFS), truncated BMP receptor (tBMPR), XFD and dickkopf (dkk) into the vegetal pole of eight-cell stage embryos and analyzed Xatv expression in comparison with that in the uninjected (uninj) sample at st. 9.5. The injection of tXAR1, tAlk4 and cer inhibited Xatv expression. However, Xatv expression remained unaffected by XFS, tBMPR, dkk and XFD. ODC RT1 indicates that the total RNA quantity was uniform (Osborne et al., 1991) and ODC RT-indicates no genomic DNA contamination.
not that of the pan-neural marker, N-CAM (Kintner and Melton, 1987) (Fig. 4i) .
Xatv inhibits early mesoendodermal marker expression
Xatv suppressed mesoderm formation and invagination, and was thus considered to inhibit mesoderm induction. Therefore, we studied early mesoendodermal marker expression in Xatv-injected embryos. First, Xatv mRNA was injected into one blastomere of two-cell stage embryos to check for marker gene expression by whole-mount in situ hybridization (Fig. 5a) . Second, the dorsal marginal zone (DMZ) was dissected from the Xatv-injected embryos and analyzed for marker gene expression by RT-PCR (Fig. 5b) . Expression of the pan-mesodermal marker, Xbra, which is forms a complete ring in the control embryo, was blocked in the injected half of the embryo (Fig. 5a) . Furthermore, the expression of Xbra , the mesendodermal marker Mix1 (Rosa, 1989) , the dorsal marker chordin (chd) (Sasai et al., 1994) , and the early muscle marker MyoD (Hopwood et al., 1989) , were all reduced in the DMZ of Xatv-injected embryos (Fig. 5b) . These results suggest that the overexpression of Xatv inhibits mesoderm induction and attenuates activin signaling in embryos because the expression of Xbra, chd and Mix1is controlled by activin signaling.
VegT and derrie Áre, which are expressed in the posterior mesoderm, form an autoregulatory loop which plays a crucial role in mesoderm patterning . In particular, overexpression of the dominant-negative form of derrie Áre led to defects in blastopore lip formation and muscle differentiation; phenotypes similar to those of Xatv-injected embryos . Thus, we examined the expression of VegT and derrie Áre in embryos injected with Xatv. As illustrated in Fig. 5a , VegT and derrie Áre expression was blocked in the marginal zone of the injected half of the embryos, and RT-PCR analysis showed that the expression of antipodean, which is zygotic VegT expressed in the marginal zone (Stennard et al., 1996 (Stennard et al., , 1999 , was also greatly reduced (Fig. 5b) . These results suggested that Xatv also suppressed the expression of these genes, thereby inhibiting the autoregulatory loop and disturbing mesodermal patterning.
Finally, expression of Xnot, a marker of the presumptive notochord (von Dassow et al., 1993) , was not affected by Xatv expression. However, the region of expression remained anterior because of the inhibition of gastrulation movement (Fig. 5a) . 2.6. Xatv antagonizes activin signaling in the marginal zone, but not at the animal pole Activin signaling seemed to be attenuated in Xatvinjected embryos, which suggested that Xatv antagonized activin signaling. To test this hypothesis, we ®rst examined whether Xatv inhibited the secondary axis formation induced by Xnr1 or Xactivin, both of which could activate activin signaling (Table 1, Fig. 6 ). When Xnr1 or Xactivin were injected into the ventral marginal zone (VMZ), they induced secondary axis formation (Table 1, Fig. 6a ). On the other hand, when Xatv was also injected at a 5:1 (100 pg Xatv: 20 pg Xnr1) or 50:1 (100 pg Xatv: 2 pg Xactivin) ratio, this induction was suppressed (Table 1, Fig. 6b ). At this very low concentration (100 pg), Xatv mRNA alone, when injected into embryos, has no apparent effects on development (Fig. 6c) .
In the animal cap assay, Xnr1 and Xactivin induced the expression of both mesodermal and dorsal markers (Kessler and Melton, 1995; Jones et al., 1995) (Fig. 7a, lanes 4, 7) . We further tested whether Xatv could antagonize this process. Xatv did not suppress the induction of mesodermal (Xbra, Xwnt8) or dorsal (goosecoid, chd) marker by Xnr1 and Xactivin (Fig. 7a, lanes 5, 8) , even at a higher ratio (1 ng Albino embryos were injected with 1 ng of Xatv mRNA into the marginal zone of one blastomere at the two-cell stage and harvested at st. 11 for WISH using Xbra, VegT (or antipodean (apod): the probe recognized both.), derrie Áre and Xnot probes. Xbra, VegT and derrie Áre expression was suppressed in the marginal zone in the injected half. Xnot expression was minimally suppressed, however, the region of expression remained anterior due to gastrulation defects. (b) RT-PCR was performed on the Xatv or Xglb-injected dorsal marginal zone (DMZ). Wild type embryos were injected with 1 ng of Xatv or Xglb mRNA into the DMZ of two blastomeres at the four-cell stage, which was then dissected and harvested at st.11 for RT-PCR analysis, with whole embryos (WE) serving as a positive control. Expression of all the markers Xbra, Mix1, chordin (chd), MyoD and antipodean (apod) was suppressed.
Xatv: 100 pg Xnr1 10:1, or 1 ng Xatv: 2 pg Xactivin 500:1) than it suppressed secondary axis formation. Furthermore, at an extremely higher ratio (5 ng Xatv: 100 pg Xnr1 50:1), Xatv also failed to antagonize Xnr1 (Fig. 7a, lane 6) . To con®rm this result, we carried out three independent experiments, which gave the same results as described above. Since Xatv appeared to have a higher ef®-ciency for inhibition of activin signaling in the marginal zone than in the animal cap, we tested whether Xatv suppressed dorsal marker (chd) induction in the VMZ by Xnr1. When Xatv was coinjected with Xnr1 at a 10:1 ratio (500 pg Xatv: 50 pg Xnr1), there was no mesodermal or dorsal marker suppression in animal caps (Fig. 7a, lane 5) , but Xatv completely inhibited chd induction by Xnr1 (Fig.  7b, lanes 4, 5) . These results suggested that Xatv strongly antagonized Xnr1 and Xactivin in the marginal zone, but failed to do this in the animal region.
Discussion
Xatv is induced by activin signaling
Previous reports have suggested that members of the lefty/antivin subfamily are regulated by activin signaling in zebra®sh and mice. In the zebra®sh, ectopic lefty/antivin expression is induced by activin or the nodal-related genes cyclops or squint (Thisse and Thisse, 1999; Bisgrove et al., 1999; Meno et al., 1999) . Furthermore in the mouse, lefty-2 expression was controlled via the binding site of FAST-2, which is a transcription factor that mediates the signaling pathway of TGF-b, activin and nodal (Labbe et al., 1998; Fig. 7 . Xatv inhibited the dorsalizing activity of Xnr1 in the marginal zone but not the mesodermal and dorsal marker induction by Xnr1 and Xactivin (Xact) in the animal cap. (a) Xatv did not inhibit the mesodermal and dorsal marker induction by Xnr1 and Xact in the animal cap. One nanogram of Xatv or Xglb was injected with or without 100 pg of Xnr1 or 2 pg of Xact into the animal pole of two-cell stage embryos (lanes 1±5, 7±9). In addition, to examine the effect of Xatv at an extremely high dose, 5 ng of Xatv was injected with 100 pg of Xnr1 (lane 6).The embryos were grown until stage 9, and the animal caps were dissected and analyzed for the expression of the mesodermal marker, Xbra and Xwnt8, or dorsal marker, goosecoid (gsc) and chd, with whole embryos (WE) serving as positive controls. No marker expression was induced in the Xglb-or Xatv-injected embryos, or in uninjected controls. Xatv coinjection did not affect both mesodermal and dorsal marker expression, which was induced by Xnr1 or Xact compared with Xglb coinjection. (b) Xatv inhibited the dorsalizing activity of Xnr1 in the marginal zone. Five hundred picograms of Xglb or Xatv were injected with or without 50 pg of Xnr1 into the ventral marginal zone (VMZ) of eight-cell stage embryos, which were then dissected at stage 10 with the dorsal marginal zone (DMZ) and uninjected VMZ for comparison, and analyzed for dorsal marker chordin (chd) expression by RT-PCR at stage 11. Whole embryo (WE) served as the positive control. Injection of Xnr1 with Xglb induced chd expression as in the DMZ but this expression was not observed in Xatv or Xglb-injected embryos or uninjected controls. This shows that Xatv completely inhibited chd induction by Xnr1. Saijoh et al., 2000) . Here we have shown in Xenopus animal cap assays that Xatv was controlled by activin signaling (Fig. 3a) .
Nodal-related genes seem to be involved in mesendoderm formation (Schier and Shen, 2000) . In Xenopus, Xatv is expressed in the marginal zone, midline and left LPM. This pattern of expression coincides with that of Xenopus nodal-related genes (Fig. 2) (Jones et al., 1995; Joseph and Melton, 1997; Lustig et al., 1996a) . In mice, chicks and zebra®sh, the lefty/antivin expression pattern overlaps that of the nodal-related genes (Bisgrove et al., 1999; Meno et al., 1999; Ishimaru et al., 2000) . These observations suggest that lefty/antivin might be regulated by the nodal-related genes in vivo. In this study, we showed by injection of cerberus that nodal-related genes (Xnrs) were required in Xenopus for the induction of Xatv expression. When cerberus, an antagonist of Xnrs, BMP and Wnt (Piccolo et al., 1999) , was injected into embryos, Xatv expression was inhibited, whereas speci®c inhibition of BMP or Wnt signals did not affected Xatv expression (Fig. 3c) . These results suggest that Xatv expression is controlled by Xnrs in vivo. Such regulation of Xatv expression seems to be conserved among vertebrates.
Xatv-injected embryos show the phenotypes caused by blockade of activin signaling
Activin signaling plays a fundamental role in mesoderm induction. When activin signaling is blocked by injection of the dominant-negative form of the activin receptor, tXAR1, into Xenopus embryos, they show phenotypes similar to those of Xatv-injected embryos such as gastrulation defects and suppression of Xbra expression (Figs. 4a±c and 5a ) (Hemmati-Brivanlou and Melton, 1992) . On the other hand, overexpression of Xnrs, activin and derrie Áre, all of which can activate activin signaling, induced the formation of an ectopic blastopore lip (Lustig et al., 1996b; Agius et al., 2000) , which is an opposite phenotype to that of Xatvinjected embryos. These observations suggest that activin signaling is attenuated in the Xatv-injected embryos.
Formation of an ectopic blastopore lip or gastrulation defects were also induced by overexpression or loss of function of the maternal Tbox gene, VegT (Zhang and King, 1996) known also as Xombi (Lustig et al., 1996b) and Brat (Horb and Thomsen, 1997) . Notably, the phenotype of Xatv-injected embryos at the tailbud stage was quite similar to that of VegT-depleted embryos (Zhang et al., 1998) . Previous studies have shown that VegT generates TGF-b signaling, inducing expression of derrie Áre, Xnrs and activinb B Clements et al., 1999) and that VegT-depleted embryos are rescued by Xnr1 and Xnr2 (Kofron et al., 1999) . The similarities in phenotypes between Xatv-injected and VegT-depleted embryos may indicate that VegT plays a role that is closely linked to that of activin signaling.
Xatv antagonizes activin signaling in the marginal zone
While we found that Xatv expression requires Xnrs in vivo, we showed that Xatv antagonized Xnr1 and Xactivin activities using a secondary axis assay (Table 1, Fig. 6 ). Furthermore, in the ventral marginal zone, the dorsalizing activity of Xnr1 was inhibited by Xatv (Fig. 7b) . These results suggest that Xatv is a negative feedback inhibitor of activin signaling.
Expression of the nodal-related genes Xnr1 and Xnr2, which can activate activin signaling, is induced by activin signaling, suggesting that expression of these genes could be ampli®ed by positive feedback regulation (Jones et al., 1995) . In the marginal zone, where both Xnrs and Xatv are expressed, Xnrs transcripts may be kept at adequate levels by a balance between positive and negative feedback. In mice, lack of lefty-2 results in the upregulation and expansion of nodal expression and formation of excessive mesoderm (Meno et al., 1999) ; it is thought that mesoderm induction is controlled by a balance between lefty/antivin and nodal-related gene expression, and this is thus also true in Xenopus.
Animal region shows a different response to antivin from the marginal zone
The activities of Xnr1 and Xactivin were inhibited by Xatv in the marginal zone, but not in the animal region (Figs. 6 and 7, Table 1 ). This result con¯icts with a previous report (Cheng et al., 2000) , in which Xatv antagonize Xnr2 and activin in the animal cap. We used the Xatv-pNRXX, different construct from theirs, to synthesize mRNA. For this reason, even if we used the same dose of Xatv-mRNA as they do, the effect of Xatv-mRNA from our construct could not necessarily correspond to theirs. However, there are some results that suggested in their report that Xatv only has a low ef®ciency for antagonizing Xnr2 and Xactivin in the animal cap. They stated that Xatv could not completely suppress the induction of mesodermal markers (Xbra, Xwnt8) by Xnr2 and sometimes that by Xactivin (Xatv: Xactivin 5:1, one of three experiments). Here, we showed that in the marginal zone, Xatv completely suppressed marker induction by Xnr1 at a 10:1 ratio (Xatv:Xnr1, Fig.  7b ), while in the animal cap, it had no such effect at the same ratio (Fig. 7a) . Therefore, these results obviously suggested that Xatv showed a different response between the marginal zone and animal region, and more ef®ciently antagonizes Xnr1 and Xactivin in the marginal zone.
According to a previous study in zebra®sh, antivin may bind to activin receptor type II, thereby inhibiting the binding of activin and nodal-related genes or blocking the activation of these receptors (Thisse and Thisse, 1999; Meno et al., 1999) . However, the differential effects of Xatv in the marginal zone and the animal region imply that an additional factor might be required in the marginal zone for antivin-receptor interaction. For example, inhibin, which belongs to the TGF-b superfamily that also includes lefty/ antivin, was shown to suppress the effect of activin, but failed to antagonize activin in some cells and tissues (Lebrun and Vale, 1997; Draper et al., 1998) , including animal caps (Asashima et al., 1990) . A recent study showed that this action of inhibin required an additional component, b-glycan, which binds to activin receptor type II and inhibin (Lewis et al., 2000) .
The actions of Antivin are similar to those of Inhibin. First, antivin can inhibit the effect of activin signaling (Figs. 6 and 7, Table 1 ). Second, it is thought to bind to activin receptor type II because the effects of antivin injection were suppressed by the overexpression of activin receptor type II or its extracellular domain (Thisse and Thisse, 1999; Meno et al., 1999) . Third, Xatv failed to antagonize activin in the animal caps in this study (Fig. 7a) . We suggest that the action of lefty/antivin might require an as yet unknown cofactor
Experimental procedures
Eggs
Eggs were obtained by injecting Xenopus laevis with human chorionic gonatorophin (Gestron: Denka Seiyaku, Japan). Fertilized eggs were dejellied by treatment with 3% cysteine hydrochloride (Wako Pure Chemical Industries, Osaka, Japan) in Steinberg's solution at pH 7.8. The dejellied eggs were washed and grown until the desired stage. Before gastrulation, they were cultured in Steinberg's solution and after gastrulation in 10% Steinberg's solution. The eggs were staged according to Nieuwkoop and Faber (1956) .
RT-PCR
Total RNA was isolated from various stages and animal caps by Isogen (Nippon Gene, Tokyo, Japan). One microgram was used as a template to generate the ®rst-strand cDNA according to the manufacturer's instructions (GIBCO BRL, Rockville, MD). One-tenth of this amount was used as a template in the subsequent RT-PCR analyses. The contents of control tubes were identical to those of the experimental tubes expect for absence of reverse transcriptase, and control reactions were run in parallel with all experimental reactions. The following primer sets were used: ornithine decarboxylase (ODC), ms-actin, MyoD (Takahashi et al., 1998) and antipodean (Stennard et al., 1999) , which recognize only antipodean but not VegT. The other primers used here were as follows:
H -GC-GGATCCATCACTTGTGATGTTCTTG-C-3 H ; reverse, 5 H -GCGAATTCACCAGTTTTGGAGCAC-TAGG-34.3. Activin/CHX library construction.
To construct the cDNA library, 1000 animal caps were dissected at stage 9 and cultured in Steinberg's solution with 0.1% bovine serum albumin in CHX (Cycloheximide: Sigma Aldrich, Milwaukee, WI) and human recombinant activin A. For the inhibition of protein synthesis, 5 mg/ml CHX was added to the culture, 30 min before the activin/ CHX treatment, and then cells were treated with 100 ng/ml activin plus 5 mg/ml CHX for 3 h. Total RNA from these animal caps was isolated by the acid guanidinium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987) . To obtain mRNA, polyA selection was performed using oligo dT cellulose (Amersham Pharmacia, Buckinghamshire, UK). First-strand DNA was synthesized using Superscript II reverse transcriptase (Gibco GRL, Rockville, MD). Thereafter, library construction was performed using the lZAP cDNA library kit (Stratagene, La Jolla, CA). A total of 9 £ 10 5 independent clones were obtained and the average cDNA insert size was about 2000 bp.
Subtractive hybridization
The cDNA library was depleted of maternal transcripts by subtractive hybridization. In the ®rst step, we prepared circular ssDNA (`tracer') from the lZAP cDNA library as described by Stratagene, using the XL1blue bacterial strain and ExAssist interference-resistant helper phage (Stratagene, La Jolla, CA). In parallel, mRNA (`driver') from stage-6 embryos was extracted and photobiotinylated using a Subtractor kit (Invitrogen, Carlsbad, CA). A tracer ssDNA was coprecipitated with 10 mg of driver mRNA and hybridized in 20 ml buffer (0.5 M NaCl, 50 mM HEPES (pH 7.6), 2 mM EDTA and 0.2% SDS). Removal of the photobiotinylated mRNA as well as the ssDNA that hybridized with photobiotinylated RNA was done by the addition of recombinant streptavidin (Roche Molecular Biochemicals, Basel, Switzerland), followed by phenol±chloroform extraction according to the protocol described by Sive and St. John (1988) . The remaining ssDNAs in the aqueous phase, which represented the sequences that did not found a counterpart of the maternal cDNA, were converted to the doublestranded form.
Expression cloning
About 150 colonies were incubated in LB medium and stored in 50% glycerol at 2808C. The library inserts were ampli®ed by PCR using LATaq polymerase (Takara, Kyoto, Japan). Then, the PCR product from each pool was used as a template to synthesize mRNA, which was then injected into the Ventral Marginal Zone (VMZ), at the eight-cell stage of the embryo. The embryo was visually scored at a later stage of development. Single clones were isolated by a process of sib-selection. In this procedure, the glycerol stock was replated on ten plates with fewer colonies than the source of the pool. RNA was synthesized from the clones in each plate and also tested for its activity by injection. Those pools with activity were replated and screened as described above. This process was repeated until a single clone was isolated.
Synthetic mRNAs
For the construction of a template, Xatv in pBluescriptXatv was digested by SpeI and ApaI to release the ORF, which was ligated into the pNRRX vector, which is a modi®ed pBluescript II vector containing the globin UTR sequence. Capped synthetic mRNAs were transcribed using the mMASSAGE mMACHINE T7 and SP6 kit (Ambion, Austin, TX) with template from the following digested plasmids or PCR products; pSP64T-Xbm (Xglb) (Krieg and Melton, 1984) , pCS2-Xnr1 (Jones et al., 1995) , pSP64T-Xwnt8 (Sokol et al., 1991; Smith and Harland, 1991; Christian et al., 1992) , pRN3-Xsiamois (Lemaire et al., 1995) , pCS2-Cer (Piccolo et al., 1999) , pSP64T-DMN/ stop (tXAR1) (Hemmati-Brivanlou and Melton, 1992), pSP64T-mTFRII-45 del21 (tBMPR, mouse) (Suzuki et al., 1994) , pSP64T-tALK4 (Chang et al., 1997) , pXFD/Xss (Amaya et al., 1991) , pCS2-Dickkopf (Glinka et al., 1998 ), pSP64TNE-XFS (Hemmati-Brivanlou et al., 1994 , pSP64T-Xactivin (Sokol et al., 1991) and pCS2-Xbra, constructed from pXT1 , and pCS2-VegT (Zhang and King, 1996) obtained by our screening.
Microinjection
Embryos were injected with mRNA in a volume of 10 nl in 5% Ficoll, and after the early blastula stage, they were transferred into Steinberg's solution.
Factor treatment
For the protein and drug treatments, the animal caps dissected at stage 9 were treated with 0.1% BSA, 5 mg/ml CHX, 100 ng/ml activin, 100 ng/ml activin and 5 mg/ml CHX and 100 ng/ml bFGF (human recombinant bFGF: Amersham Pharmacia, Buckinghamshire, UK) for 3 h and then harvested. For the RNA injection, 1 ng of Xglobin, 100 pg of Xnr1, 10 pg of Xwnt8, 100 pg of VegT, 1 ng of Xbra and 10 pg of Siamois were injected at the two-cell stage in the animal pole. The animal caps were dissected at stage 9 and harvested 3 h later.
Histology
The embryos were ®xed with Bouin's¯uid for 3 h. They were then dehydrated through a graded series of ethanol, cleared in xylene, embedded in Histprep (Wako Pure Chemical Industries, Osaka, Japan) and sectioned serially at 8 mm. The sections were stained with hematoxylin and eosin.
Whole-mount in situ hybridization
The localization of transcripts in the Xenopus embryos was analyzed by whole-mount in situ hybridization (WISH) according to Harland (1991) . Albino embryos of X. laevis were obtained as described above and ®xed in freshly prepared MEMFA (0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) at room temperature for 2 h and stored at 2308C in methanol. DIG-labeled antisense RNA was synthesized with T7 polymerase (Roche Molecular Biochemicals, Basel, Switzerland) using pBluescriptXatv, derrie Áre, antipodean, Xnot and pXT1 for Xbra (Smith et al., 1992) that were digested as the templates. Derrie Áre, antipodean and Xnot in pBluescript vector was obtained by our screeing.
